Can vinasse accelerate the change of minerals in rock dust to obtain fertilizers, using residues from alcohol agro-industries and mining? Answering this question was the main objective of this study. Therefore, an experiment was set up in the laboratory in a completely randomized design using Polyvinyl Chloride (PVC) columns, in which the 0-50 cm layers of a clayey soil (eutroferric Red Oxisol) and sandy soil (Typic Quartzipsamment) were reproduced. We applied three different rates of basalt powder (0.0; 2.0, and 4.0 t ha -1 ) and one rate of vinasse (200 m 3 ha -1 ) to the soils. The control was made by treatments with water (200 m 3 ha -1 ) with the same rates of rock powder. Samples were first collected on the surface of each column (1, 15, 30, 45, 60, and 90 days after the application of vinasse and rock powder), and, at the end of the experiment, at the various depths and in leached water, to determine pH and the concentration of soluble Ca 2+ , Mg 2+ , and K + . There was a significant effect of the solvent and the soil on the surface layer, with higher concentrations found in the treatments with vinasse and in clayey soil, confirming the potential of vinasse to alter minerals in basalt powder. The resulting levels from the beginning to the end of the experiment suggest that sorption phenomena with neoformed mineral phases or organic acids may have occurred. It may be concluded that the use of rock powder and vinasse mixtures is a promising alternative for soil fertilization and recycling of waste from the sugarcane and mining industries.
INTRODUCTION
The use of rock powders in soil fertilization was initially proposed by Julius Hensel in 1984 in the book Bread from Stones, where the author outlined the benefits of the use of ground rocks in agriculture, known as stone meal or remineralization of soils. Forgotten over decades, a recent increase in the use of stone meal in agriculture has been observed in various studies that evaluate the effects of rock powders in soils (Lourenço Júnior, 2011; Welter et al., 2011; Camargo et al., 2012; Melo et al., 2012; Silva et al., 2012) .
Reactions between minerals and the soil solution include dissolution (congruent or incongruent), oxidation, complexation reactions, hydrolysis, and simple hydration. Silicate stone meal was generally used, for which the alteration reactions tended to be predominantly incongruent, i.e., the elements are not released from the solution in the same stoichiometric proportion as their initial composition and part of the products precipitated forms a new mineral (Kämpf et al., 2009 ).
The pH of the soil solution is the main factor that determines weathering rates. The function of pH in the dissolution of minerals is related to the adsorption of H + and OH -ions on the surface of minerals, where hydrolysis is controlled by acid-base reactions and oxygen-metal linkages (Ribeiro et al., 2010) . Reactions between minerals and an acidic soil solution change the concentrations of H + ions and other dissolved species in the soil solution (Harley & Gilkes, 2000) . In the in vitro experiment conducted by Lopes et al. (2011) , the effect of vinasse on the solubilization of minerals contained in mafic rock was evaluated. Different application rates of rock powder were evaluated in both vinasse and distilled water in the laboratory. After t30 days, the authors observed a lack of vinasse effect on the pH of the mixture, although there was greater nutrient availability in the vinasse treatment compared with the control and increased release of nutrients over time. In another experiment, Lopes (2013) tested the mode of vinasse application in sandy and clayey soils over 30 days and concluded that basalt powder incubated in vinasse for 24 h applied to soil did not present significant differences in the levels of soluble cations measured when compared with direct vinasse and rock powder application to the soil.
As soil is a complex system with high buffering capacity, it is estimated that mixtures of vinasse and rock powder behave differently from in vitro assays. Therefore, the objective of this study was to evaluate the effect of vinasse and basalt powder mixtures on pH and Ca, Mg, and K availability in two types of soil, a clayey soil and a sandy soil.
MATERIALS AND METHODS
The experiment was conducted in soil columns in the Soil and Mineralogy Laboratory of the Agrarian Sciences Center (Centro de Ciências Agrárias) at the Federal University of São Carlos (Universidade Federal de São Carlos) in Araras, São Paulo, from September to November 2012. The basalt powder used was collected from a residue pile from gravel production at a quarry in Cordeirópolis, São Paulo. In the mining, basalt residue less than 2 mm in diameter was collected and sieved to obtain materials less than or equal to 0.3 mm in diameter. Organic acids in vinasse samples (triplicate) were determined by high performance liquid chromatography (HPLC) with a diode array detector (DAD). Water soluble organic substances were extracted from vinasse by shaking of the sample at 200 rpm for 1 h, after which the supernatant was separated and centrifuged at 3000 rpm for 10 min. The resulting supernatant was evaporated to reduce the volume, and the residue was dissolved in methanol for identification of aliphatic organic acids by HPLC. In an attempt to eliminate interferences, the samples were treated in advance with polyvinyl polypyrrolidone (PVPP), centrifuged, and filtered in 0.20 µm CHROMAFIL® filters to separate solid particles of potential interference. The resulting material was diluted to 1:50 to avoid overlapping peaks and to reduce interference. The separation was carried out in a C18 chromatographic column and 0.005 mol L -1 H 2 SO 4 as the mobile phase. Organic acids were identified by comparison of the retention time of each substance in the sample and those of the analytical standards shown in the chromatogram obtained. The absorption spectrum of each HPLC peak was run from 190 to 500 nm to select the most appropriate wavelength around 210 nm.
Two soil types were used: a Latossolo Vermelho eutrófico (eutroferric Red Oxisol) (clayey soil) and a Neossolo Quartzarênico (Typic Quartzipsamment) (sandy soil), classified according to the Brazilian System of Soil Classification (Embrapa, 2013). The clayey soil was collected at the Agrarian Sciences Center at UFSCar and the sandy soil was from Leme, São Paulo. In both places trenches were opened and soil material was collected in two layers (0-20 and 20-50 cm depth) to ensure representation of topsoil and subsoil horizons.
In soil collection, disturbed and undisturbed samples (50 cm 3 volume sampling ring) were extracted from every 10 cm of soil depth to 50 cm, in three replications. In disturbed samples, pH was determined in calcium chloride, and the levels of organic matter (OM), Ca, Mg, K, sand (2-0.5 mm), silt (0.05-0.002 mm), and clay (< 0.002 mm) according to Raij et al. (2001) . In undisturbed samples, specific mass was defined according to Camargo et al. (2009) . Mean values for the 0-20 cm and 20-50 cm depth layers were calculated from the mean of three replications of the respective sub-layers (Table 1) .
Polyvinyl chloride (PVC) tubing columns of 0.67 m height and 0.19 m inner diameter were set up in an arrangement adapted from Casagrande & Soares (2009) . Each column was closed at the base with a PVC cover, in which an adapter was placed to collect leached solute from the soil. To prevent soil loss during the leaching process, five successive layers were placed from the bottom up to 10 cm from the base as follows: expanded clay, nylon screen, expanded clay, multipurpose cloth, and nylon screen. In each column, 50 cm of soil were added, divided into two parts according to the layers collected (0-20 and 20-50 cm deep). Columns were filled with air-dried soil (ADS), previously passed through a 2 mm soil sieve. The soil amount added was calculated based on the volume of each tube and on the soil density of the layers where the material was collected.
The experiment consisted of 12 treatments, with three replications, using 18 columns of clayey soil and 18 columns of sandy soil. The application of 200 m 3 ha -1 of vinasse (rate generally applied on the sugarcane crop) or water, as control, and rates of 2 t ha -1 and 4 t ha 1 of rock powder were tested. Thus, 0.57 L of vinasse or distilled water and 5.67 g and 11.34 g of rock powder were applied as treatments. In the basalt powder treatments, the surface layer of the soil profile was collected after filling the 20-50 cm layer, in a quantity sufficient to fill 5 cm of the column. After that, the defined quantity of powder for each column was mixed with soil material to fill the remaining 15 cm, and distilled water or the vinasse treatment was applied.
The experiment was conducted for 90 days, and soil from the surface layer was collected at 1, 15, 30, 45, 60, and 90 days after water or vinasse application. Vinasse was applied once at the beginning of the experiment, while application rates of distilled water were applied in all columns throughout the experiment (including the one first treated with vinasse).
The amount of water and frequency of application were defined based on rainfall behavior from historical analysis of rainfall data in the Araras region. The months of November, December, and January were considered as the rainiest months in the region. Mean precipitations and number of rainy days in the towns/ cities in this region (Araras, Rio Claro, Leme, Limeira, Mogi Guaçu, and Conchal) were indicated by Agritempo, a Brazilian agrometeorological monitoring system (Sistema Agritempo, 2012) . A precipitation level of 515 mm and frequency of 34 rainy days were simulated over the 90 days of the experiment, applying 10 to 20 mm of water at two to three day intervals.
Surface layers were collected up to 0.12 m using a spatula. At the end of the experiment, the columns were disassembled and a sample was taken from the 0.20-0.50 m soil layer. Samples of leached material were also collected from each column. The pH in CaCl 2 and levels of Ca, Mg, and K were determined in soil samples, while soluble cation contents were determined in the solutes collected, according to Raij et al. (2001) .
Data were analyzed by the Analysis of Variance (ANOVA) statistical method using a completely randomized split plot design, in which plots corresponded to treatments, blocks were the replications, and subplots corresponded to times. The means for each test time were compared by the ScottKnott test with a P-value of 0.05. The behavior of each attribute in response to testing time was evaluated by regression analysis considering the division of dual interactions (soil, solvent, application rate) in ANOVA and fitting equations. Statistical analysis was made using SAS Version 9.3 (SAS, 2011). Figure 1 depicts the chromatograms of a mixture of standard and vinasse samples. These indicate the presence of citric, malic, succinic, and lactic acids. Figure 2 shows replicates of a chromatogram, at different separation times of this sample, in which other compounds seem to be co-eluting with the organic acids. These substances may significantly interfere with identification of the acids investigated and there may also be other non-identified organic acids in the vinasse sample.
RESULTS AND DISCUSSION
Attempts were made to minimize the effect of interferences, including decrease of the mobile phase flow rate and diluting the sample. However, no increases in chromatographic separation were observed. Nevertheless, interferents were found among the acids eluted, citric (C 6 H 8 O 7 , tricarboxylic), malic (C 4 H 6 O 5 , dicarboxylic), succinic (C 4 H 6 O 4 , dicarboxylic) and lactic (C 3 H 6 O 3 , monocarboxylic) acids in the vinasse sample were identified by the retention times of the analytical standards.
The chromatograms generated at different times allowed the presence of a variety of compounds to be seen, indicated by the presence of several peaks. They indicate the presence of organic acids in the vinasse 
lactic acid, (3) citric acid, and (4) succinic acid.
(1) OM: organic matter.
analyzed, as well as interferents that may also have been co-eluted, affecting the identification and quantification of these acids. The presence of these possible interferences may principally be due to the complexity of the vinasse composition. In order to overcome interferences and improve chromatographic separation, better sample preparation prior to analysis needs to be carried out. Therefore, further studies on the identification and quantification of organic acids in vinasse should be pursued in order to understand the role of these substances in the solubilization of minerals in rock powder.
Organic acids such as formic, acetic, and oxalic acids are weak complexants and their behavior is similar to diluted solutions of mineral acids and CO 2 acidified water. They may accelerate the decomposition of soil minerals through complexation, which occurs when organic compounds bind to metallic ions (Kämpf et al., 2009 ). In phlogopite dissolution, for example, the percentage of elemental extraction is greater for oxalic, citric, tartaric, and salicylic acids than HCl and H 2 SO 4 (Kämpf et al., 2009) . Citric acid forms complexes preferentially with Al, while malic acid has a preference for Ca (Pavinato & Rosolem, 2008) . Multifunctional organic acids, such as citric acid, are more efficient in the dissolution of silicates than monocarboxylic acids, such as lactic acid, due to their greater ability to complex cations and silica (McMahon et al., 1995) .
Over the 90 experimental days, there was a significant effect of soil type on the levels of Ca 2+ , Mg 2+ and K + cations (Table 2) , confirming the potential of vinasse to alter the minerals in the basalt powder. The interaction of soil and basalt powder was significant for pH levels only ( Table 2 ). The interactions between solvent and time (Figure 3a ,c,e) and soil and time (Figure 3b ,d,f) were significant for all the attributes, while the application rate and time interaction was not significant for any of the attributes evaluated (Table 2 ).
In the alteration of basalt, substantial nonhydrolysable cation losses (Ca 2+ , Mg 2+ , and Na + ) and preservation of Si 4+ , Al 3+ , and Fe 3+ generally occurred quickly (Rasmussen et al., 2010) . These processes occurred at different rates according to the mineral group. Experiments reported by Yang et al. (2014) suggested that the dissolution rate of feldspar can be affected by the pH, the degree of Al/Si substitution, the composition chemistry of the sample, and the relative speed of hydrolysis. The pyroxenes, another group of minerals found in basalt, showed dissolution rates that continually decrease with the increase in pH and are slightly inhibited by the increase in bivalent metallic cation concentration (Gudbrandsson et al., 2011 ).
According to Harley & Gilkes (2000) , the dissolution of minerals involves two opposing forces, in which ions strongly link to the mineral competing with the hydration process. First, there is a rapid cation exchange reaction between the surface cations and the H + and H 3 O + ions or the water molecules. For greater dissolution to occur, structural elements are released by destruction of oxygen-metal and hydroxide-metal bonds. Thus, base cations may be involved, or detachment of an activated complex from the mineral surface may occur. The activated complex can be either a specific surface species or a surface complex involving a metal exposed at the surface of the solid and a ligand from solution (Harley & Gilkes, 2000) .
In the present study, the pH in calcium chloride varied slightly with time, and the clayey soil exhibited greater values than the sandy soil (Figure 4a) . Silva et al. (2012) observed that an ultramafic rock (with mineralogical composition similar to basalt) provided an increase in pH proportional to the quantity of powder applied. In the present study, no effect of application rate was verified in any of the soils. However, a difference was observed in the effect of solvent with time ( Figure 4b ). The highest mean values of pH occurred in the vinasse treatments.
The behavior of all the attributes studied in the surface layer varied with time, to which were fitted mainly second and third degree polynomial equations. Decreases in cation values were observed without significant variation in pH in either soil, suggesting a leaching process in the topsoil horizon. Indeed, in the 20-50 cm soil layer, the soils presented no difference in pH in regard to initial pH value, but changes were observed in soluble cations (Table 3 ).
There was a significant increase in Ca 2+ and Mg 2+ at greater depth in the clayey soil, while in the sandy soil there was an increase in Mg 2+ cations, and the Ca 2+ concentrations remained statistically equal (Table  3) . Meanwhile, when vinasse was present, the K + levels were significantly higher than distilled water, and the initial K + value decreased with all treatments in the sandy soil (Table 3 ).
In leaching, the presence of soluble cations was observed for all treatments, with emphasis on the presence of K + in the sandy soil treated with vinasse, regardless of whether basalt powder was used (Table  3 ). The soil texture and amount of cations present in the vinasse only partially explained the results obtained. The movement of solutes in the soil depended on factors such as soil type, mineralogy, cation exchange capacity, species of cations absorbed, percolation speed, level of organic matter, and the pH of the medium. As the solid phase of the soil interacted with the ions in solution (adsorption), their transport was delayed compared to water. Some studies noted that vinasse can promote soil cation movements and it seems that rock powder can interfere in this process. Matos et al. (2013) attempted to evaluate the retardant factor of Ca 2+ , Mg 2+ , and K + movement present in vinasse in three soil types, and they observed that the highest values of the retardant factor were obtained for K + in dystrophic Red Oxisol, followed by Ca 2+ in dystrophic Red-Yellow Oxisol, and finally for K + in dystrophic Red-Yellow Oxisol. The lowest retardant factors for the cations evaluated were found in eutroferric Red Oxisol, while Mg 2+ exhibited low retardant factors in all soils. In the present study, the data obtained did not show effects from application rate except for K + at the highest application rate of rock powder.
The balance of soluble cation levels between the beginning and the end of the experiment was generated from soluble cation levels measured at the topsoil and subsoil layers and in the leached solute, considering a closed system without cation exportation (Table 3) . It was observed that the treatments with basalt powder and distilled water showed an increase in available Ca 2+ , Mg 2+ and K + . In the presence of water and rock powder, the increases in Ca 2+ and Mg 2+ levels were proportional to the rate of basalt powder applied in both soils studied. For the K + levels, the increase was only proportional to the application rate of rock powder in the clayey soil. In the sandy soil, the increase in the K + levels was null or practically null at both rates applied. Table 2 . Probabilities of significance for the plot and subplot interactions in the experiment ns: not significant (p>0.05); * significant (0.01<p<0.05); ** highly significant (0.001<p<0.01); *** extremely significant (p<0.001).
These results were similar to those obtained by Silva et al. (2012) testing the incubation of various types of rock powders with Yellow Latosol soil material from the 0-20 cm layer over 100 days. They found that ultramafic rock powder led to an increase in available Ca 2+ , Mg 2+ and K + concentrations in the soil. According to the authors, the higher releases of these nutrients was related to the mineralogical composition of the ultramafic rock, with pyroxenes providing Ca 2+ and Mg 2+ , and feldspars providing Ca 2+ , Mg 2+ , and K + . In another study, Welter et al. (2011) evaluated the initial development of camu-camu (Myrciaria dubia) seedlings using different application rates of basalt powder (0, 0.42, 1.04, 2.08, 4.17, and 8.33 g kg -1 ), two particle sizes (0.05 and 0.10 mm diameter) and one control. The treatments without basalt powder and at an application rate of 0.42 g kg -1 produced the lowest quality seedlings at both particle sizes tested. The highest quality seedlings were obtained in the treatments with 4.17 and 8.33 g kg -1 basalt powder with the 0.05 mm particle size. Welter et al. (2011) affirmed that the quickest nutrient availability at finer particle sizes and higher nutrient contributions occurred when a greater amount of basalt powder was applied. These results confirmed the role that silicate rock powders can have in the provision of nonnegligible quantities of soluble cations, even after a relatively short incubation period in the soil. In the balance between the beginning and the end of the experiment with vinasse and rock powder in clayey soil (Table 3) , a deficit of Ca 2+ , Mg 2+ , and K + was observed. In the treatments with vinasse and rock powder in sandy soil, there was a deficit of Ca 2+ and Mg 2+ and an increase in K + , proportional to the rate of rock powder applied. The decrease in the number of soluble cations in a closed system can be attributed to the sorption process from both organic acids present in the vinasse and by new mineral phases produced due to the alteration processes of minerals contained in the rock powder. The term sorption is used here according to Dick et al. (2009) , as it is more generic and non-specific, covering phenomena such as adsorption and precipitation, including the formation of new structures on existing surfaces.
Some studies have found that silicate rock powders can generate mineral phases of high reactive capacity through soil alteration processes. Camargo et al. (2012) aimed to evaluate the desirable agronomic characteristics of strawberries subjected to different application rates of bovine manure and basalt powder. Treatments with 0, 50, and 100 t ha -1 bovine manure, and 0, 2, 4, and 6 t ha -1 basalt powder were used. The researchers observed that the yield and the commercial fruit production improved when high application rates of bovine manure and intermediary application rates of basalt powder were used. According to these authors, the results obtained for rock powder occurred because this material provided electronegative colloids to the soil and thus made Ca 2+ , Mg 2+ , and K + adsorption possible, preventing their movement into the soil. Meanwhile, Melo et al. (2012) evaluated the effect of applying different rates of basalt to a Red Oxisol and observed that there were no high increments of Ca 2+ and Mg 2+ since these ions are found in minerals of low solubility and slow alteration.
The basalt powder used in this study was provided by a quarry that incorporates intrusive rock formations in the form of sills and dikes, associated with the Serra Geral volcanism in the western region of the Paraná basin in the State of São Paulo. Petrographic data from Machado et al. (2005) showed that the rocks studied are essentially constituted of plagioclases, pyroxenes and opaque minerals. These minerals exhibited different types of crystalline structures with different alteration speeds and releases of ions in the soil. Some mineral alteration reactions can reduce the availability of cations in the soil through the precipitation of Al polymers and the neoformation of minerals from cation adsorption in Fe and Al oxides and hydroxides (surface complexes and specific adsorption) and the fixation of cations in chlorinated minerals, montmorillonite, and vermiculite (Escosteguy & Klamt, 1998) .
In regard to cation balance, the absence of rock powder within the vinasse treatments also led to a negative balance in both soils, with the exception of Ca 2+ in the clayey soil, which presented a very slight increase. In contrast, an increase in the cations studied was observed in the treatments with water and the absence of rock powder in both soils, with the exception of K + in the sandy soil, where the balance was considered null. These results, apparently contradictory, suggested that the organic acids from vinasse could be complexing the cations.
As a soil fertilization technique, stone meal mainly uses quarry and mining residues and has been highlighted as being important in the remineralization of soils by its residual effect. Bakken et al. (2000) conducted an experiment using treatments with KCl, two carbonatites, and three mining residues containing biotite, K-feldspar, and nepheline as potash fertilizers in experimental grass fields over four years. In the first and second years of the experiment, the KCl treatment had a greater yield than the treatments with rock powder, but in the third and fourth years, when potash fertilizer was not applied, grass growth in both the carbonatite and biotite treatments was similar to the treatment with KCl. (Bakken et al., 2000) . Another important application is the use of stone meal in recovering degraded areas. Silva et al. (2008) investigated the effects of basalt powder and different organic residues on the chemical and microbiological aspects of a bare subsoil and on the growth of Gonçalo Alves (Astronium fraxinifolium Schott). The authors found that stone meal showed positive effects on the chemical quality of subsoil after 165 days of incubation and that the application of different rates of sewage sludge to the basalt favored the growth of Gonçalo Alves.
Vinasse is primarily a liquid effluent generated from sugarcane-ethanol industries in the manufacturing of alcohol and spirits. It can promote the dispersion of soil particles with reduction in the rate of water infiltration in the soil and elevation of surface runoff, with possible contamination of surface waters (Matos et al., 2013) . In addition, the use of vinasse and rock powder in agriculture is particularly important, due to the increasing production of these residues and the need to undertake reverse logistics of these materials to meet the requirements of Law No. 12305/2010 -National Solid Waste Policy (Política Nacional de Resíduos Sólidos) (Brasil, 2010) .
The use of vinasse together with silicate rock powder can accelerate alteration of the minerals contained in the powder and release cations which remain adsorbed in neoformed mineral phases or which formed soluble complexes with organic acids. Up to now, agronomic studies have predominantly focused on the potential of rock powder for providing important elements for plant nutrition, often with the expectation of a rapid effect in comparison to the process of rock weathering. The present study also had this objective, although the data obtained indicated that mixing vinasse and rock powder can have an important effect as a soil conditioner, with a possible increase in permanent ionic charges. This aspect should, however, be further studied.
CONCLUSIONS
1. In the 90 days of the experiment with soils of contrasting texture (clayey soil and sandy soil), there was a significant effect of the solvent and type of soil on the pH and the levels of Ca 2+ , Mg 2+ , and K + in the surface layer. The highest levels were measured in the treatments with vinasse in clayey soil, confirming the potential of vinasse to alter the minerals contained in the basalt powder.
2. In the balance of levels measured at the beginning and the end of the experiment in two soil layers (topsoil and subsoil) and in leaching, there was a decrease in the quantity of available cations studied, suggesting that sorption phenomena with neoformed minerals or with organic acids may have occurred.
3. The mixture of vinasse and rock powder may be an alternative for soil fertilization, and may be an important option for reuse of residues from the alcohol production and mining industries. Additional studies are recommended to evaluate sorption phenomena that may occur when this mixture is applied to the soil.
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